This paper aims to investigate the environmental effect on cooling rate and to determine the appropriate time available for compaction (TAC) using laboratory tests. This includes the study parameters, namely solar flux, base and ambient temperatures (daytime and night-time paving) and wind velocity, focusing on hot mix asphalt (HMA) asphalt concrete wearing with 14 mm nominal maximum aggregate size (ACW14) mix type for the wearing course and ACB28 mix type for the binder course. Samples were prepared in slab moulds 30.5 cm × 30.5 cm × 5 cm and compacted using a manually operated steel-roller. Readings were taken by averaging the temperature measurements at the middle and surface of the slabs and a temperature of 160 º C was used as the mixing temperature. A control sample was prepared for each mix type and tested in the laboratory without the influence of wind velocity and solar flux. It was found that the cooling rate of HMA is significantly affected by environmental factors, thus influencing the TAC. The TAC tends to decrease by 15-50% during windy and night conditions but increases by up to 100% during daytime conditions compared to the control samples.
INTRODUCTION
Temperature is one of the most important factors affecting the design and performance of both rigid and flexible pavements. Temperature variations within the pavement structure contributes in many different ways to pavement distress and possible failure of that structure [1] . A study was conducted by Lin et al. [2] , who found that the surface temperature of artificial pavements in Taiwan is 10 º C higher than that of the vegetation surface at noon in the summer, but the difference among the various pavement types is not really significant during winter. Qin and Hiller [3] observed that the daily temperature amplitude affects the temperature distribution across a pavement slab during the daytime more than during the night. Pavements in regions with higher daily temperature amplitude experience greater negative temperature gradients during the night-time hours.
The pavement temperature mainly influences the pavement deflection and medium and high-frequency noise [4] [5] [6] . Furthermore, high and low temperatures lead to rutting deformation and cracking respectively in asphalt pavement; water penetrates into the interface of asphalt and aggregate, and the asphalt membrane begins to peel from the aggregates, then the aggregates loosen and turn into pits [7] . The pavement temperature is directly related to the surrounding ambient air temperature, wind speed, relative humidity, solar radiation and cloud cover [3, 5, 8] . During on-site construction, the temperature of hot mix asphalt (HMA) brought to the field for paving is generally around 160 º C and in a liquid state, making it attach easily to the aggregates [9] .
Over time, the mix tends to cool until it reaches the ambient temperature, when it becomes stiff enough to sustain traffic load. After laying onto the pavement surface, HMA needs to be compacted to a specific range of density to ensure that a stable and durable pavement is built [10] [11] [12] . HMA compaction is generally begun as soon as the mix can support the roller weight and ends when the mix temperature reaches 80 º C, known as the cessation temperature [9] . The time available for compaction (TAC) is one of the major controlling elements during the compaction process [13] . TAC is defined as a period taken by the HMA to cool and stiffen to the point where it can absorb the applied compaction energy without allowing the aggregate particles to move [14] .
However, studies into the TAC of HMA pavement are scarce. This is partly because the study involves many other significant variables such as lift thickness, mix temperature, solar flux and wind speed. It also incurs a high cost and is tedious to perform. The single most important factor that probably affects the compaction of HMA is the temperature at the time of compaction [15] [16] [17] . One study of TAC discusses the cooling rate of asphalt pavements, and finds that the factors affecting the cooling rate include the initial temperature at the time of placement, the air temperature of the base, the thickness of the asphalt mix layer and environmental conditions. It is well documented that the time required for HMA compaction decreases with increasing cooling rate. Thus, the ability to predict the cooling rate is more critical during adverse conditions, as the time available for mix compaction is limited [18] .
Corlew and Dickenson [19] conducted a study of TAC to determine the time limits for compaction by specifying a minimum compaction temperature of 80 º C. At temperatures below 80 º C the probability of significantly increasing density is very low and, in some cases, can result in the fracture of the aggregate in the mix and a decrease in density. In addition, inadequate compaction of HMA leads to a decrease in the fatigue life, reduces strength and stability, increases permanent deformation, accelerates oxidation or ageing, increases moisture-related damage and hence affects long-term pavement performance [20] [21] [22] [23] .
Tegelar and Dempsey [24] suggest that 10 minutes is the absolute minimum allowable compaction time needed with present-day equipment. In addition, cooling curves were developed to predict the amount of TAC under different combinations of variables. Kari [25] proposes that increasing the lift thickness could allow the mix to retain heat longer, thus improving compactibility. A computer program was produced by Jordan and Thomas [26] to predict the cooling curve for HMA materials. Chadbourn et al. [27] developed a new tool to simulate the cooling rate of HMA mat under adverse conditions. Most of the findings are based on work intended for cold climate conditions because of the rapid decline of the temperature of the mix. With the recent developments in asphalt technology there has been widespread use of thin lift surface and performance grade (PG) asphalt, especially in tropical climate countries. Rosli et al. [28] found that in tropical climate countries, the thinner the mix layer, the faster the mix cools, thus reducing the TAC.
High demand for new asphalt pavements often requires that paving is done in unfavourable construction conditions. Low air temperatures, high winds and night construction create adverse conditions for HMA paving and these factors subsequently influence the cooling rate and affect the compaction process as well as the TAC. In local practice, the control mechanisms quoted from the locally used specifications are generally at the acceptable limits of delivery and laying completion temperature. There are no items to predict these control elements and specifically related to the local conditions in tropical climate countries. Therefore, this study was conducted to investigate how the cooling rate of the HMA pavement at particular thicknesses of wearing course and binder course is affected by the local conditions such as environmental, construction factors and material characteristics, resulting in the determination of TAC which might lead to significantly better control and specification during the compaction process in the local industry. Environmental effects such as solar flux, base and ambient temperatures (daytime and nighttime paving) and wind velocity will be used as the study parameters. The HMA ACW14 mix type for the wearing course and ACB28 mix type for the binder course were prepared in accordance with the Malaysian Public Works Department (PWD) Specifications (JKR/SPJ/2008-S4) [29] .
EXPERIMENTAL DESIGN

Materials
An asphalt with penetration grade 80/100 was used, in accordance with the Malaysian PWD JKR/SPJ/2008-S4 [29] . The fundamental and rheological properties of the binder are shown in Table 1 . The aggregate type used in this study was well-graded crushed granite aggregate. Like the binder, the HMA ACW14 mix type for the wearing course and ACB28 mix type for the binder course were prepared in accordance with the Malaysian PWD JKR/SPJ/2008-S4. The aggregates for both ACW14 and ACB28 were sieved into their respective size ranges or fractions andbatched to conform to the aggregate grading requirements, as shown in Figure 1 (a and b). The specific gravity (SG) for the fine aggregate (ASTM C 128) and the coarse aggregate (ASTM C 127) and the proportion of required mineral filler content in the aggregate gradation were determined. Finally, the Theoretical Maximum Density (TMD) was measured by means of the Rice Method Test. Table 2 shows the results obtained in this study.
Mix Designs
The standard Marshall mix design procedure from the Malaysian PWD JKR/SPJ/2008-S4 [29] was employed to design the HMA mixes. Fifteen specimens of each mix were prepared with blended mineral aggregates at an increment of 0.5% binder from 4% to 7% by weight of mixture. The mixing temperature was selected at 160 º C for the 80/100 penetration grade asphalt, as recommended by the Malaysian PWD JKR/SPJ/2008-S4 [29] . The optimum binder content (OBC) of these mixtures was estimated, corresponding to 4% design air voids, bulk density, voids filled with asphalt (VFA) and flow values. The OBC for ACW14 and ACB28 are 5.0% and 4.3% respectively. The volumetric properties of all PWD Marshall Mixes conformed to the Malaysian PWD JKR/SPJ/2008-S4 [29] , as tabulated in Table 2 . 
Laboratory Testing
In general, the temperature measurement test includes four main pieces of apparatus: a slab mould, steel roller, thermo heat gun and thermocouple. Test samples were prepared in a slab mould 30.5 cm wide and 30.5 cm long with a height of 5 cm. The slabmould was used to replicate an actual in situ pavement shape. The slab interior surface area was calculated to provide a thickness to length ratio less than or equal to 0.2. This limiting ratio for the square slab is important to ensure that temperature variations at a mid-slab position can be modelled using one-dimensioned plan-wall theory [30] . The sample was compacted by a steel-wheel roller at particular passes and desired air void content. The steel-wheel roller resembles the roller machine usually used in the paving process in the field. The ambient air temperature was then recorded. The temperature at the surface of the slab sample was measured using the thermo heatgun and the temperature at the centre of the slab was measured using thermocouple wires which can be plugged into a multi-channel thermocouple reader. The temperatures were recorded every minute until the surface of the slab reached the ambient temperature (approximately 29 º C). The readings recorded as a graph were the average of slab surface and mid-slab temperatures. The samples were tested under various affecting parameters, namely solar flux, base temperature, ambient temperature and wind speed. The tests for solar flux and base and ambient temperature effect were conducted outside of the highway laboratory at three different times during daytime and night-time. Samples were tested at 9.00 a.m., 1.00 p.m. and 5.00 p.m. and at 9.00 p.m., 1.00 a.m. and 5.00 a.m. to represent both daytime and night-time conditions.
Tests for the effect of wind speed were conducted inside the highway laboratory. Samples were subjected to three different speeds: 5, 10 and 15 km/hr. The speed was simulated by a fan located at a specific horizontal distance from the slab sample. As the wind speed test took place inside the laboratory, the base and ambient temperature for each wind speed variation and mix type test were almost the same. A control sample for each mix type was prepared and tested under laboratory conditions at a base temperature of 28 º C, room temperature of 29 º C and without the influence of wind or solar flux. The control samples were also prepared to compare the difference in cooling rate and TAC at the affecting parameters tested. In general, 20 samples were prepared for the laboratory tests including one control sample for each mix.
RESULTS AND DISCUSSION
In the paving process, cooling of HMA needs to be well monitored to ensure that there is adequate time to carry out the compaction process, as when HMA cools to ambient temperature it becomes stiff and resistant to compactive effort, which could lead to insufficient compaction. Figure 2 describes the relationship between temperature and cooling time [14] . [14] It is observed that there is a gradual reduction in HMA temperature according to time until it becomes stable.
Analysis of Cooling Rate (ºC/mm)
Cooling rate value was obtained from the slope of the trend line applied to the scatter graph of data acquired at 10-minutes intervals over 30 minutes. Based on the cooling time graph plotted, the temperature reduction of HMA is critical during the first 30 minutes. Cooling rate within this 30-minute period shows the trend of the TAC result obtained; Table 3 shows the result of cooling rate at 10-minute intervals over 30 minutes for each test conducted.
It is observed that there are differences between the cooling rates of HMA under various test conditions. In the wind velocity test, the cooling rate at various wind speeds differed significantly. A wind speed of 15 km/hr resulted in the highest cooling rate, followed by 10 km/hr and finally 5 km/hr. In the paving time test, which evaluated the effect of surface and ambient temperature as well as solar flux on the HMA cooling rate, the results obtained indicate that paving work done at 1.00 p.m., results in a lower cooling rate compared to 9.00 a.m. and 5.00 p.m. due to the high value of solar flux as well as the surface and ambient temperatures at that time. Paving work done during the night is not affected by solar flux. Therefore, the results indicate that the cooling rate during the night is higher than during daytime. However, the different value of cooling rate during various periods at night is caused by the effect of surface and ambient temperatures. Due to the low surface and ambient temperatures at 5.00 a.m., the cooling rate is higher compared to 9.00 p.m. and 1.00 a.m.
Time Available For Compaction (TAC)
The cooling rate during particular tests was ascertained with the result of TAC (min) acquired from the cooling time graph plotted for each test. Furthermore, the percentage reduction and increment in TAC as compared to the control sample was evaluated.
Wind Speed Effect
The wind effect tends to dissipate heat from HMA, thus making it begin to cool. The dissipation process occurs horizontally along the mix surface. Figure 3 (a and b) shows the graph of cooling time for ACW 14 and ACB 28 affected by various wind speeds.
From the graph, both mixes affected by a wind speed of 15km/hr resulted in the lowest TAC due to the higher cooling rate shown in Table 3 . As the wind speed reduces, the cooling rate reduces, thus TAC increases. This finding is in good agreement with the study done by Hainin et al. [28] . A thin layer of mix will cool more quickly in a strong wind than when there is little or no wind. Wind has a greater effect at the surface of the mix than within the mix, and can cause the surface to cool so rapidly that a crust will form. 
Paving Time And Flux Effect
Tests were conducted according to paving time (daytime and night-time) to evaluate the effect of solar flux and base and ambient temperature on the cooling rate of HMA. The test took place outside the highway laboratory to resemble a real-time situation. Figure 4 (a and b) shows the cooling time graph for ACW14 and ACB28 respectively at different paving times during the daytime.
The LUX is the unit of measurement of solar flux (radiation), where 1 LUX equals 1.46×10 -7 watt/cm 2 . The TAC for both mixes tested at each paving time tends to increase compared to the control sample with a paving time at 1.00 p.m., resulting in the highest TAC, more than 60 minutes, due to a lower cooling rate caused by higher solar flux and base and ambient temperature compared to 9.00 a.m. and 5.00 p.m. Night-time paving tests were conducted to evaluate the cooling rate of HMA affected by base and ambient temperature, which is relatively lower compared to daytime without the effect of solar flux. Meanwhile, Figure 5 (a and b) shows the cooling time graph for ACW 14 and ACB 28 at different paving times during the night. The TAC for both mixes tested at each paving time tends to decrease compared to the control sample with a paving time at 5.00 a.m., resulting in the lowest TAC due to a higher cooling rate caused by lower base and ambient temperatures compared to 9.00 p.m. and 1.00 a.m. Table 4 summarises the TAC obtained from each test conducted. A comparison was made between each TAC, including the reduction and increment of TAC as compared to the control sample. As shown in this table, due to wind speed effects, which result in a high cooling rate, the TAC in the wind velocity test is lower than in other tests. A wind speed of 15km/hr for both types of mixes results in a lower TAC, reduced by more than 40% compared to the control sample's TAC at 5km/hr a reduction of 16-21% and 10km/hr with reduction between 30 and 34%. The test conducted on the cooling rate of HMA according to time of paving shows quite a different value for TAC. During daytime when cooling rate is lower, the TAC is much higher compared to paving work during the night. The TAC increased by 17-33% at 9.00 a.m., 90-108% at 1.00 p.m. and 30-44% at 5.00 p.m. compared to the control sample. Paving works during the night will reduce the TAC, as no solar flux effect occurs and the surface and ambient temperatures are much lower than during the daytime. The amount of solar flux is more important in its effect on base temperature than on the mix temperature. It is also said that incident solar flux has little effect on cooling rate [31] . Result from the test shows that paving at 5.00 a.m. has the lowest TAC. This occurred because surface and ambient temperatures are lower compared to paving at 9.00 p.m. and 1.00 p.m. The TAC at 5.00 a.m. is 30-35% less than the control sample's TAC, while at 9.00 p.m. the TAC is reduced by 5-8% and by 20-21% at 1.00 a.m. compared to the control sample.
The time available for the compaction process to take place is critical, as it depends on the cooling rate, which is easily affected, especially in windy conditions or during night-time construction, as shown by the results of the tests conducted. Therefore, two recommendations are suggested to lead to better control of TAC under adverse conditions: (i) compaction to be done immediately after the laying process; and (ii) the roller/compactor should be right behind the paver for better compaction and to waste no time. 
CONCLUSIONS
Based on the limited observations and result of this study, the following conclusions are drawn:
(a) The results clearly indicate that paving works done in windy conditions have an increased cooling rate, thus reducing the TAC of HMA because less time is available for the compaction process to take place. Furthermore, the results also indicate that there is a significant difference in cooling rate and TAC of HMA between paving works done during the daytime and night-time. Paving works done during the daytime when surface and ambient temperatures are generally higher because of solar flux, have a reduced cooling rate, thus increasing the TAC of HMA pavement compared to paving during the night. At night, without solar flux occurrence and lower surface and ambient temperatures, the cooling rate will increase, thus reducing the TAC. (b) There is only a slight difference between the value of the cooling rate and TAC for ACW14 and ACB28. This indicates that the same mix type (fine/dense graded) with different gradations will not really affect the cooling rate and TAC. However, this needs to be verified by conducting more research that focuses on the effect of gradation on cooling rate. (c) It can be concluded that the cooling rate of HMA is significantly affected by environmental factors, thus influencing the time available for the compaction process to take place. Therefore, more emphasis should be put on the TAC for paving works under adverse conditions such as windy areas or construction done at night. This is to ensure that there is enough time for compaction to be done to a specified density to provide a stable and durable pavement.
